The compounds A 2 FeX 5 ·H 2 O ͑A = alkali or NH 4 ; X = Cl, Br͒ form a series of collinear antiferromagnets with transition temperatures in the range from 6 to 23 K. These ordering temperatures are much higher than in other hydrated salts of transition-metal ions with similar distances between magnetic ions. Spin-density distributions have been determined in Rb 2 FeBr 5 ·H 2 O and K 2 FeCl 5 ·H 2 O by means of the polarized-neutron-diffraction technique and ab initio calculations in order to elucidate the mechanism of such enhancement. The results show a large spin-density delocalization ͑ϳ20%͒ toward the ligand atoms, which explains the efficiency of the superexchange pathways in transmitting the magnetic interaction.
; X = Cl, Br͒ form a series of collinear antiferromagnets with transition temperatures in the range from 6 to 23 K. These ordering temperatures are much higher than in other hydrated salts of transition-metal ions with similar distances between magnetic ions. Spin-density distributions have been determined in Rb 2 FeBr 5 ·H 2 O and K 2 FeCl 5 ·H 2 O by means of the polarized-neutron-diffraction technique and ab initio calculations in order to elucidate the mechanism of such enhancement. The results show a large spin-density delocalization ͑ϳ20%͒ toward the ligand atoms, which explains the efficiency of the superexchange pathways in transmitting the magnetic interaction. 
I. INTRODUCTION
The series of compounds A 2 FeX 5 ·H 2 O ͑A = alkali or NH 4 ; X = Cl, Br͒ was extensively studied in the past due to the high interest in several magnetic phenomena present in the series: They are all isostructural and consist of ͓FeX 5 ·H 2 O͔ −2 octahedra linked together in the structural packing by a network of hydrogen bonds. 1 The low magnetic anisotropy of these collinear antiferromagnets makes them quasi-ideal model examples of the Heisenberg Hamiltonian, which permitted the verification of theoretical predictions for lattice dimensionality crossover. 2, 3 Moreover, the phase diagrams of these compounds include a well-defined spin-flop transition. 4, 5 When a small fraction of the Fe ions are substituted by diamagnetic In, a large broadening of the antiferromagnetic to spin-flop phase boundary is observed and an intermediate phase predicted by Fishman and Aharony 6 has been suggested. 7, 8 Another very striking magnetic phenomenon observed in this series is the remanent magnetization that appears below the antiferromagnetic transition temperature T N . This remanent magnetization, which has also been observed in other lowanisotropy diluted antiferromagnets, [9] [10] [11] [12] [13] can be scaled to a universal curve independent of the compound.
Despite the interest in and the so far achieved understanding of the magnetism of these compounds, there remains a basic question that has not yet been answered: In these compounds the superexchange pathways are very long, on the order of 7 -8 Å, and include two diamagnetic intermediaries ͑or three if a H bond is included͒ of the types Fe− X¯X − Fe and Fe− O¯X − Fe. However, they are surprisingly effective in transmitting the magnetic interactions, which results in relatively high transition temperatures ͑see Table I͒ that are about 1 order of magnitude higher than those of other hydrated halides, such as Cs 2 A likely hypothesis for such anomalously intense superexchange magnetic interactions is a delocalization of some spin density from the iron ions to the ligands due to covalent bonding. In fact, electron-transfer transitions from chloridecentered nonbonding and antibonding orbitals to metalcentered t 2g and e g orbitals have been observed in the wavelength range 500-300 nm in ͑NH 4 ͒ 2 Fe x In 1−x Cl 5 H 2 O. 21 Recent 35 Cl NMR studies in single crystals of K 2 FeCl 5 H 2 O observed four different internal fields in the Cl atoms, 22 the largest one being assigned to the chlorine atom involved in the strongest superexchange pathway according to previous magnetostructural correlation analysis. 3 The knowledge of the spin-density distribution is of crucial importance in the understanding of the magnetic interaction mechanisms. This is particularly so in molecular magnetic systems where spin moments can be delocalized at the molecular level. [23] [24] [25] In particular, in the A 2 FeX 5 ·H 2 O series this knowledge would allow determination of whether the relatively high magnetic transition temperatures are due to an important spin delocalization from the iron ion toward the ligand atoms, as proposed in the previous paragraph. The existence of such a spin delocalization, which would strengthen the interaction between magnetic orbitals localized in different octahedra, is also supported by a reduced magnetic moment observed at the iron site in a powderneutron-diffraction experiment on
open questions necessary to understand the mechanism of the magnetic interactions in these compounds: the extent to which the spin is delocalized from the iron atom toward the halogen atoms and the oxygen atom and, related to the first point, the reason why magnetic interactions are stronger in the bromide derivatives than in the chloride derivatives. Moreover, the knowledge of the spin density will allow us in a second paper 27 to understand the role played by the hydrogen bond in the magnetic interactions.
The spin-density delocalization from the metal ion toward the ligand atoms has already been studied in a large number of 3d transition-metal complexes by PND in order to obtain information about the metal-ligand bonding nature. An early review can be found in Ref. 28 . In particular, the ammonium Tutton salt series ͑NH 4 ͒ 2 M͑SO 4 ͒ 2 ·6H 2 O ͑M = transition metal͒ has been extensively studied in order to understand the covalence between the transition-metal and the ligand atoms as a function of the transition metal. [29] [30] [31] [32] [33] [34] In the Tutton salts of 3d transition metals, including the iron Tutton salt, there is only a slight spin delocalization from the transition metal toward the water molecules. Slight spin delocalization effects, below 0.07 B per ligand atom, have also been observed in several well-isolated 3d transition-metal halide complexes studied by PND. [35] [36] [37] As for iron compounds, in a Fe 2+ compound, FeF 2 , there is a 10% spin delocalization from the iron ion 38 and in a ͓FeCl 4 ͔ − complex the spin population of the chlorine atoms is around 0.15 B . 39 This last result supports the hypothesis of an important spin delocalization to the ligand atoms in the A 2 FeX 5 ·H 2 O series, although one should remember that the Fe 3+ is in a different environment.
After this introductory section, Sec. II will be devoted to the experimental determination of the spin-density distributions in K 2 FeCl 5 ·H 2 O and Rb 2 FeBr 5 ·H 2 O. This part includes the description of the neutron-diffraction experiments as well as a detailed analysis of the data using different approaches ͑maximum-entropy method 40 and the multipole expansion approach 41 ͒. In Sec. III, the results of the ab initio calculations are presented. Finally, conclusions will be stated in Sec. IV.
II. EXPERIMENTAL DETERMINATION OF THE SPIN-DENSITY DISTRIBUTION
The magnetic structure factors are related to the Fourier transform of the magnetization density. Therefore, the precise measurement of the magnetic structure factors, including the phases, can be used for the determination of the magnetization density distribution.
The combination of polarized neutrons and the flipping ratio measurement method increases the sensibility of the neutron-diffraction experiments for the measurement of the magnetic structure factors. In this technique, the measured quantity for a Bragg peak is the ratio of the intensities diffracted for an incident-neutron beam with polarization along the up or the down vertical direction, with the sample in a single-domain ferromagnetic magnetized state, induced typically by a vertical magnetic field:
where F N and F M are, respectively, the nuclear and the magnetic structure factors. In the case of a centrosymmetric structure, the magnetic structure factor, including its phase, can be extracted from Eq. ͑1͒ if the nuclear structure factor is known.
A. Nuclear structure determination
Cs 2 FeCl 5 ·H 2 O crystallizes in the Cmcm space group. 15 All the other compounds of the series are isomorphous and belong to the Pnma space group. 1 A schema of the structure of the compounds in the Pnma space group is represented in Fig. 1 , where the labeling used throughout this paper for the halogen atoms is shown. The unit cell contains four discrete ͓FeX 5 ·H 2 O͔ 2− octahedra connected by hydrogen bonds. In each octahedron three halogen atoms, the oxygen atom, and the iron atom are in special positions 4c with point symmetry m and the other atoms are in general positions. The octahedra are arranged in planes perpendicular to the b axis and the hydrogen bonds connect octahedra related by the inversion operator to form chains along the b axis.
In the case of the studied compounds, the nuclear structure of K 2 FeCl 5 ·H 2 O was already known from a single-crystal x-ray- 42 and powder-neutron-diffraction experiments, 26, 43 while the nuclear structure of Rb 2 FeBr 5 ·H 2 O was known only from x-ray experiments at room temperature. 17 Since the hydrogen atoms are supposed to play an important role in the magnetic interactions of these compounds, their location is of particular interest. In an x-ray-diffraction experiment the hydrogen atoms are difficult to locate precisely when other much heavier atoms such as iron, potassium, rubidium, or bromine are in the lattice. This is not the case in neutron-diffraction experiments. Moreover, the analysis of the flipping ratios in the polarized-neutrondiffraction experiment requires an accurate knowledge of the The experimental conditions for each compound are reported in Table II . The experiment on K 2 FeCl 5 ·H 2 O was carried out on the four-circle diffractometer D9 at the Institut Laue-Langevin ͑ILL͒. The 1 ϫ 3 ϫ 5 mm 3 single crystal intended for the later PND experiment was cooled in a cryorefrigerator down to 20 K, a temperature that is above the magnetic transition temperature of 14.06 K. This temperature was chosen to be not too close to the transition temperature in order to avoid the short-range antiferromagnetic correlations. The Cu͑2 2 0͒ plane used to monochromize the neutron beam provided a wavelength of 0.8426͑1͒ Å. The Rb 2 FeBr 5 ·H 2 O single crystal of 1 ϫ 3 ϫ 4 mm 3 dimensions was measured on the four-circle diffractometer D10 at the ILL at 30 K, also above the magnetic transition temperature of 22.90 K. In this case a wavelength of 1.2594͑4͒ Å was provided by a Cu͑2 0 0͒ crystal.
The integration of the peak intensities was performed using the ILL RACER program. In the D9 experiment 1768 reflections extending to sin / = 0.50 Å −1 were merged into 447 unique reflections, while in the D10 experiment a total of 2357 reflections extending to sin / = 0.74 Å −1 were merged into 1857 unique reflections.
Programs from the CCSL suite 44 were used to process the data. The absorption correction for the hydrogen atom requires special attention. In general, the incoherent neutronscattering cross section is supposed to be constant. However, in the case of the hydrogen atom a dependence on the wavelength has been observed in neutron-diffraction experiments. 45 The incoherent-neutron-scattering cross section for the hydrogen atoms in both experiments were estimated from the fit of such dependence in compounds with similar hydrogen environments. The obtained absorption coefficients were 0.6261 and 0.1656 cm −1 for the chloride and bromide compounds, respectively, at the wavelengths used.
The least-squares refinement program SFLSQ from the CCSL suite was used to refine the scale factor, the atom positions, the anisotropic thermal parameters, and the mosaic spread for the isotropic secondary extinction correction. 46 These parameters were optimized against the square of the structure amplitudes ͉͑F N 2 ͉͒ using 1 / 2 as statistical weight to fit the reflections, where is the standard deviation of the reflection intensity. The refinement conditions and agreement factors 47 are listed in Table III . The fractional atomic positions and the anisotropic thermal parameters 48 obtained for both compounds are reported in Tables IV and V. One of the factors that are supposed to play an important role in the amount of the spin-density delocalization from the iron ion toward the ligand atoms is the ligand bond length. Bond lengths for the coordination sphere of the iron ion in both compounds are listed in Table VI. The Fe-O bond is the shortest iron-to-ligand distance in each compound, whereas the shortest Fe-X bond is between the iron and the halogen atoms in trans positions with respect to the oxygen atom. The bond lengths between the iron atom and the four halogen atoms in the plane perpendicular to the O-Fe-X axis of the coordination octahedron are all very similar in each compound.
B. PND experiments
Polarized-neutron-diffraction experiments were performed on instrument D23 at the ILL on the same crystals and at the same temperatures as in the nonpolarized-neutrondiffraction experiments. Both compounds have been measured above their antiferromagnetic order temperatures, in order to avoid the antiferromagnetic ordering of the spins. Therefore the highest magnetic field, 5.5 T, provided by the cryomagnet was employed in order to maximize the magnetization in the paramagnetic phase. A pyrolytic graphite ͑0 0 2͒ crystal and a Heusler ͑1 1 1͒ polarizer were used to monochromate and polarize the incoming neutron beam. The monochromatic beams were at nominal wavelengths of 1.3293͑1͒ and 1.2779͑1͒ Å, respectively, for the chlorine and the bromine experiments, with a polarization of 0.95 in both experiments. A flipper with 98% efficiency reversed the Programs of the CCSL suite were employed to extract the magnetic structure factors from the measured flipping ratios using the nuclear structures and parameters from the nonpolarized-neutron-diffraction experiments. In these compounds the Fe 3+ ground term is 6 A 1 with the five 3d electrons in a high-spin configuration t 2g 3 e g 2 ͑S =5/ 2͒. Since this ground state is an orbital singlet, there is no need to account for the orbital contribution to the magnetization distribution, which otherwise would have been dependent on the direction of the applied magnetic field. Moreover, the magnetic anisotropy is quite low in these compounds, 1 so it was possible to merge the magnetic structure factors measured in the two directions, resulting in 271 and 282 unique reflections for the chloride and bromide compounds, respectively. The analysis of the spin-density distribution from the magnetic structure factors obtained in the polarized-neutron-diffraction experiment were performed using two different approaches: the maximum-entropy method and an analytical fit of the magnetic structure factors, in which the spin-density distribution is modeled by a multipole expansion around the atoms.
C. Maximum-entropy method
The maximum-entropy method 40 allows the reconstruction of the spin-density distribution without applying any model and, unlike the straightforward inverse Fourier transform, is suitable for the treatment of noisy and significantly incomplete data. Brillouin's law for a 5/2 spin at the conditions of magnetic field and temperature of the PND experiments gives 1.99 B and 1.38 B for the magnetic moments of the iron ion in the chloride and the bromide compounds. These values are far below the 5 B of the saturation, which implies low magnetic signals and consequently noisy data. Therefore, we started the study of the spin-density distribution with the maximum-entropy method to have an idea of the spin density before introducing any model.
The maximum-entropy reconstructions of the spin densities were performed using the CCSL program MAGMAX3D, which is based on the MEMSYS3 package. 49 The ͑asymmetric͒ 0.5a ϫ 0.5b ϫ 1.0c unit-cell fraction was digitized on a 32 ϫ 24ϫ 32 grid to achieve an approximate resolution of 0.2 Å per pixel along each crystallographic axis.
The resulting spin densities were normalized to 20 B per unit cell in order to facilitate the comparison. Figures 2͑a͒  and 2͑b͒ show the maximum-entropy-reconstructed spin densities projected onto a plane containing atoms Fe, O, and X4. This plane also contains the hydrogen bond, which is supposed to play an important role in the transmission of the magnetic interaction. The projection was made with a thickness of 4 Å, in each side of the projection plane to account for all the spin density of the octahedron. The spin-density projection for K 2 FeCl 5 ·H 2 O confirms that there is an important spin-density delocalization from the iron atom to the ligand atoms. The highest spin delocalization is to the chlorine atom opposite to the oxygen atom, which is an expected result because it is the chlorine atom with the shortest Fe-Cl bond. On the other hand, the spindensity delocalization toward all the chlorine atoms seems to be higher than toward the oxygen atom.
The spin delocalization is supposed to be higher in the bromine compound than in the chlorine one because the electronegativity difference between the iron ion and the halide anion is lower, which favors covalency. However, surprisingly, the reconstructed spin-density projection for Rb 2 FeBr 5 ·H 2 O shows virtually no spin delocalization. The reason is that the experimental magnetic structure factors for the bromide compound are noisier because the experiment was performed at 30 K. This noise does not allow the ligand spin densities to be differentiated from the much higher iron spin density. Instead, an elongation of the iron spin density toward the ligand atoms is observed, especially toward the Br1 atom, an atom which is supposed to show the highest spin delocalization. The only ligand atom around which a distinct spin density is observed is the Br4 atom. This atom is the only ligand which is not in a 4c special position but in a general position. The magnetic structure factors that are systematically extinct for the 4c special position are due almost solely to the spin density of the Br4 atom. In the maximumentropy language, the experimental data contain more information about the spin density of the Br4 atoms than about the spin density of the other ligand atoms, allowing this spin density to be distinguished from the iron spin density. Another reason favoring the detection by maximum entropy of the Br4 spin density is related to symmetry: There are two Br4 atoms per octahedron, so its contribution to the magnetic signal is double than that of the other bromides.
This softening of the spin-density distribution is a typical behavior of the maximum-entropy method, which chooses the solution with less information, thus tending to hide weak features near stronger features. That is also the reason why the spin density of the chlorine atoms in K 2 FeCl 5 ·H 2 O is not exactly at the chlorine atom position but between the chlorine and the iron atom positions. In the above maximum-entropy analysis, the default model of the spin density was a uniform distribution throughout the asymmetric unit. In other words, no prior knowledge of the spin density was supposed. The use of an adequate nonuniform default model allows discernment between the real and spurious features of a spin-density distribution. This nonuniform prior density must not contain such features, so only real features are likely to survive against this negative bias. The chosen prior spin densities are spherical spin-density distributions around the iron atom with a magnetic moment per iron ion as predicted by the Brillouin function for a 5/2 spin at the temperatures and the magnetic fields of the experiments. The radial part of these spherical distributions is a Slater functional r n exp͑−␣r͒ with n = 6 and ␣ = 7.44. These are spin-density distributions biased against the delocalization of spin density toward the halogen atoms in order to check whether the spin delocalizations observed using the uniform default model are real or only spurious effects.
Figures 2͑b͒ and 2͑c͒ present the maximum-entropyreconstructed spin densities using the nonuniform priors projected onto the same two planes as in the case of the uniform prior. The projection was again made with a thickness of 4 Å, on each side of the projection plane.
In the case of K 2 FeCl 5 ·H 2 O, the reconstructed spin density using a nonuniform prior is very similar to the spin density with a uniform prior, although the spin density of the ligand atoms is better resolved from the spin density of the iron atom, especially for the oxygen atom. Therefore, this analysis confirms the existence of a spin delocalization from the iron ion toward the ligand atoms.
In Rb 2 FeBr 5 ·H 2 O, the ligand spin densities continue to be almost absorbed in the spin density of the iron atom. Nevertheless, the elongations of the spin density toward the halogen atoms are bigger except for the Br4 site, for which the spin-density elongation has disappeared. These elongations also indicate a spin delocalization which is hidden in the maximum-entropy method due to the noise of the data.
To sum up, the maximum-entropy method indicates that there can be an important spin delocalization from the iron atom toward the ligand atoms. This spin delocalization is higher toward the halogen atoms than toward the oxygen atom. In Sec. II D, the use of a model will allow us to quantify this spin-density delocalization.
D. Multipole expansion approach
Two different approaches are commonly used to fit analytically the magnetic structure factors by modeling the spindensity distribution. In the first one, called the multipole expansion approach, 41 the spin-density distribution is modeled by a multipole expansion centered on the atoms. In the second one, called the wave-function approach, 50 the spindensity distribution is obtained as the square of a wave function composed of atomic orbitals. It is worthwhile to note that the multipole expansion approach can be transformed to the wave-function approach by introducing constraints among the multipole coefficients.
For the Fe 3+ ion, the wave-function approach would allow us to account for the different populations of the 3d orbitals but not for the spin-density distortion due to the ligand crystal field, where a water molecule instead of a halogen atom is on one vertex of the octahedron. Since all the 3d orbitals are semioccupied, the main spin population difference would be between e g and t 2g orbitals. This effect on the spin-density distribution will be lower than the spin-density deformation produced by the ligand crystal field. Therefore, the wavefunction approach is not suitable for modeling the spindensity distribution and the multipole expansion approach was chosen.
As stated above, in the multipole expansion approach the spin density is partitioned into separate atomic contributions which are expanded on the basis of the real spherical harmonics d lm , which are also referred to as multipoles
P ilm are the population coefficients of the real spherical harmonics d lm ͑ i , i ͒ and R i l,dens ͑r͒ are radial functions which usually are Slater functions:
where the coefficients n il may be selected by examination of the orbitals that originate the spin-density distribution. E.g., in a spin-density distribution from a 3p orbital, n il will be ͑3−1͒ ϫ 2 → 4. The Fe 3+ ground term in the O h crystal field is 6 A 1 with the five 3d electrons in a high-spin configuration t 2g 3 e g 2 ͑S =5/ 2͒. Whereas this ground state 6 A 1 in the free ion has a spherical spin distribution, in a crystal structure it is deformed by the effect of the ligand atoms. Since the main deformation will be due to the presence of a water molecule in one of the vertices of the ligand octahedron instead of a halogen atom, a C 4 point symmetry, higher than the actual C 2 symmetry, was assumed for the iron atom, with the symmetry axis collinear with the Fe-O bond. The multipole expansion of the iron spin distribution up to order 4 and which preserves the C 4 point symmetry contains four multipole coefficients. For the ligand atoms, monopolar contributions were assumed. The hydrogen and alkali spin populations in initial fits were below the experimental accuracy and were not included in the final models.
The parameters of the radial part of the atomic multipole expansions are twice the Slater exponents from Refs. 51 and 52. The initial parameters and the n exponents are reported in Table VII. In the fit the parameters of the iron and the halogen atoms were allowed to vary and the parameter of the oxygen atom was kept fixed.
Only the magnetic structure factors satisfying the condition that F M Ͼ 3, where is the standard deviation, were considered in the refinements of the spin-density distributions, resulting in 200 and 172 magnetic structure factors for the chloride and the bromide compounds respectively. The program used is a modification of MOLLY program. 53 The main results of the multipolar expansion spin-density refinement for both compounds are listed in Table VIII : the spin-density population normalized to 5 B per octahedron, the parameters, the number of parameters of the model represented by n v , and the agreement factor 2 of the fit. Projections of the spin-density reconstruction in the planes containing the Fe−O−H¯X − Fe pathways are represented in Fig. 3 .
The modeling of the spin-density distribution by the multipole expansion approach allowed us to resolve the spin density of the bromine atoms from the spin density of the iron atom, which was not possible in the maximum-entropy method. The spin delocalization from the iron atom is around 17% for K 2 FeCl 5 ·H 2 O and around 21% for Rb 2 FeBr 5 ·H 2 O. These values are relatively large in comparison with other spin delocalizations from 3d metal ions toward their ligand atoms also studied by PND. [29] [30] [31] [32] [33] [34] [35] [36] [37] There are several reasons which can explain this high delocalization. First, both e g orbitals of the Fe 3+ ion are semioccupied, allowing the spin transfer through the bonding with p orbitals of the ligand atoms, which is more covalent than the bonding between t 2g metal orbitals and p ligand orbitals. In addition, trivalent ions are more electronegative than divalent ions, which favors the covalency.
As expected, the spin delocalization toward the bromine atoms is higher than toward the chlorine atoms, which explains why the bromide compounds exhibit higher transition temperatures than those of their chloride analogs. On the other hand, the spin population of the oxygen atom is confirmed to be lower than the halogen spin populations, contrary to the hypothesis in the previous analysis of the relative strength of the superexchange pathways. 2 In the previous studies, it was not considered that the oxygen atom is not an O 2− ion but an oxygen atom in a water molecule. The latter reduces the covalency between the iron and the oxygen atoms.
A striking result is the value of the spin population of the halogen atom out of the mirror plane. The spin densities of all the halogen atoms are inversely proportional to their bond length to the iron atom except for this atom, whose spin population is higher than that which corresponds to its bond length to the iron atom. An open question is whether this spin-density increase is real, maybe due to the hydrogen bond in which this halogen atom participates, or it is only a spurious effect of the data treatment, maybe due to the different symmetry of this halogen atom.
III. SPIN POPULATIONS DETERMINED BY DFT
It is always interesting to compare the experimental determination of the spin populations from polarized-neutrondiffraction experiments against ab initio spin population calculations. In our case this can also help to understand the experimental results, in particular the role played by the hydrogen atom and the high experimental spin population of the halogen atom which forms a hydrogen bond.
The DMOL3 package 54 was used to perform DFT calculations on the periodic system with the geometries obtained from the nonpolarized-neutron-diffraction experiments. The calculations were performed using both the Perdew-Wang91 exchange-correlation functional 55 and an atom-centered double numeric polarized basis set ͑DNP͒. In this basis set, which is the most complete one available in the DMOL3 package, each valence orbital is parameterized by two numerical wave functions and polarization wave functions are also included. These all electron calculations were carried out with the "fine" numerical integration grid of the DMOL3 program and with a multipolar expansion of the charge density for all the atoms up to the octupolar order. The self-consistent energy difference threshold was set up to 10 −8 a . u. The Mulliken spin populations obtained are listed in Table VIII .
The DFT Mulliken spin populations are in good agreement with the experimental results, being only slightly higher than the latter. The spin populations for the halogen atoms are inversely proportional to the Fe-X bond length, even for the halogen atom out of the mirror plane. As for the hydrogen atom, its spin population is very weak. Therefore, DFT calculations do not clarify the nature of the relatively high-spin population of the halogen atoms out of the mirror plane observed in the multipole expansion approach, which maybe should be ascribed to a spurious effect of the fit due to the different point symmetry of these halogen atoms.
IV. CONCLUSIONS
A study of the spin-density distribution in the series A 2 FeX 5 ·H 2 O ͑A = alkali, NH 4 ; X = Cl, Br͒ has been performed on a bromide and a chloride derivative in order to clarify the reasons for the relatively high transition temperatures of the members of this series. The spin-density distribution has been obtained for K 2 FeCl 5 ·H 2 O and Rb 2 FeBr 5 ·H 2 O by polarized neutron diffraction and ab initio calculations. The polarized-neutron-diffraction data have been analyzed both by the maximum-entropy method and by a fit to a multipolar expansion of the spin-density distribution. In these compounds there is an important spin-density delocalization from the iron atom toward the ligand atoms. This spin delocalization reflects the fact that the magnetic molecular orbitals are spread over the ligand atoms, thus enhancing the magnetic interactions through a superexchange magnetic interaction mechanism. This enhancement of the magnetic interactions is the cause of the surprisingly high transition temperatures in this series of compounds. The spin delocalization is higher on the bromine atoms than on the chlorine atoms, which explains why the transition temperatures of the bromide compounds are higher than the transition temperatures of their chloride analogs. On the other hand, the existence of a superexchange magnetic interaction mechanism due to a spin delocalization from the iron ion to the ligand atoms also explains the dependency of the ordering temperatures on the radius of the alkali atoms: The bigger the alkali size is, the larger are the distances between the ligand atoms in the superexchange pathways and, therefore, the lower is the ordering temperature.
